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Abstract 
Some aspects of the influence of the energy 
of the incident electrons in electron energy 
loss spectroscopy (EELS) are considered. It is 
shown that this method of analysis used in high 
voltage electron . micros copy, permit s one to 
observe, with a better edge jump ratio than 
at lower accelerating voltages, the characteristic 
edges. One important question is to eliminate 
artefacts in the counting and to record only 
ele ctrons from the true spectrum. Some recent 
examples are given. One of them concerns extended 
energ y loss fine stru ctures (EXELFS). It seems 
high voltage ele ctron microscopy (HVEM) could 
be very useful in this domain. 
KEY WORDS: Electron energy loss spectroscopy, high 
voltage electron microscopy, chemical analysis, 
extended energy loss fine structure . 
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Introduction 
As it is well known, energy loss studies 
are quite useful in many analytical studies 
in spite of a certain limit of sensitivity due 
to the length of the mean free path, if compared, 
for instance, to ion secondary emission. However, 
the advantage of this method is the possibility 
of very precise localization because it can 
be used in combination with electron microscopy 
either in conventional transmission electron 
microscopy (CTEM) or scanning transmission elec-
tron microscopy(STEM). 
Amongst many researches in this field, 
we have worked with different energies of incident 
electrons, from 60 keV to 2.5 MeV. But, the 
majority of our experiments have been performed 
at 1 MeV. 
We shall describe some results and also 
the necessary precautions to obtain reproducible 
result s, what is the indispensable goal , but 
one of the most important experimental difficul-
ties, particularly at high voltage. For this 
purpose, a great care must be taken in the defini-
tion and control of the experimental conditions 
and first of all of the counting systems. 
Counting Systems 
The development and the adjustment of relia-
ble counting systems are fundamental for electron 
microscopy. The acquisition and processing systems 
are necessary in quantitative electron microscopy 
for spectra and images. In the case of analytical 
electron microscopy and particularly in the 
case where we are interested in, the recording 
of the true signal , electron by electron, is 
indispensable. 
So, we first developed a Si(Li) diode attach-
ment working at room temperature to count elec-
trons forming a spectrum. A difficulty is to 
record pulses due only to electrons since X-
photons due to the impact of electrons on the 
path through the microscope also give pulses 
which are difficult to separate from the true 
signal. For this reason, we developed several 
mountings either for a TI/2 spectrometer localized 
underneath the microscope or for the ,i system. 
The idea was to place the necessary selecting 
slit, to get the best possible resolution in 
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List of Symbols 
energy loss 
thickness 
plasmon mean free path 
mean free path corresponding to 
the excitation of TI electrons 
in carbon 
mean free pa th for the K inner 
shell excitation of the atoms 
collection angle 
jump ratio at the K edge 
intensity of the maximum at the 
edge 
intensity of the background 
just before the edge 
number of characteristic elec-
trons collected from the ana-
lysed volume, detected in the 
energy loss window t E and 
the collection angle ed w 
number of atoms per 




total excitation cross section 
for inner shell c 
incident intensity 
number of electrons counted in 
a channel 
energy loss window 
intensity collected in an angle 
ed for an energy loss E and a 
given sample defined by t and 
\ 1 
energy loss function corres-
ponding to a process i 
collection 
ci ents for 
ed and t Ew 
efficiency coeffi-
the collection angle 
function defined by the objec-
tive lens diaphragm and which 
reports the angular scattering 
in the specimen 
characteristic function of the 
spectrometer (energy fluctua-
tions, and the width of the 
selecting slit) 
energy on the spectrum (it means the smallest 
possible window in energy compatible with suffi-
cient statistics). This slit has to be far from 
the diode to avoid the recording of X-rays emitt ed 
on the edges of the slit. To diminish the solid 
angle which the diode subtends at the slit, 
we interposed between it and the counting device, 
two magnifying lenses. This type of mounting 















1400 1500 1600 1700 eV 
Different aspects of a K energy loss 
spectrum 
a) recorded by selecting the pulses 
due only to electrons, 
b) obtained without amplitude selection 
of the pulses in the Si(Li) diode. 
The specimen was a 100 nm aluminium 
film and the primary energy 1 MeV. 
This system has worked quite nicely, and 
the difference between a signal without any 
artefact and with perturbing effects (essen-
tially X-rays, but also stray electrons) is 
clear on fig. 1. It is seen how much these precau-
tions are necessary. 
If this ensemble is quite satisfying for 
the counting of electrons in the neighbourhood 
of edges, it is not directly usable on the tota-
lity of the spectrum because the needed counting 
dynamics is varying by about 7 orders of magnitude 
and the Si(Li) diode permits the exploration 
of about 4 orders of magnitude only, the maximum 
of counting rate being roughly 10,000 counts.s-1. 
The limitation of this system due to an 
i nsuffi ci ent dynamics was overcome by the adap-
tation of a new device (Pinna et al., 1984; 
Sirvin, 1984). We adjusted a scintillator-photo -
multiplier assembly on the 1.2 MeV microscope, 
with the idea to use it later on for the 1.6 
MeV STEM apparatus which is in process of cons-
truction . The new unit uses the 0 spectrometer 
to analyse the electron energy loss spectrum. 
Therefore the slit is, as previous ly, just above 
the first intermediate lens. We placed underneath 
the microscope a TI/2 spectrometer to deviate 
the electrons only and avoid X-rays impinging 
on the counting system which is also simpler 
to test in this position (fig. 2). This ensemble 
has shown that it is possible to count from 
one electron up to 108 counts.s-1 which is equiva-
lent to a value of 1:6 10-ll A. This system 
gives the possibility to record the totality 
of the spectrum routinely. The computer behind 
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~ - Cross-section of the 1.2 MeV microscope 
with the n dispersive system and the 
counting device. 
is programmed to process the spectra and enables 
us to do exact quantitative recordings. 
The principle of this type of system is 
not new. However every part of this device has 
been calibrated and adjusted in detail for HVEM. 
The main results concern four points: a) the 
system is .linear as a function of the number 
of recorded e l ectrons up to 108 e.s-1, b) The 
detective quantum eff i ciency ( DQE) is very ,:iood 
s in ce for one incident electron the number of 
photoelectrons at the photocathode le vel is 
of the order of 140. Following Browne and Ward 
(1982) the DQE is of the order of 1, c) It is 
possible to record the whole spectrum with the 
same system, d) The count rates can be correc -
ted for the dead times (60 ns). 
With this type of mounting, numerous experi-
ments have been performed in a quite reproducible 
manner. 
At higher energies, 2.5 MeV, the system 
we used is identical but the counting is done, 
for the time being, in a l ess favourable situatio n 
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which does not permit one e limination of al l 
the artefacts due to X-rays (Sevely et al., 
1982). We are working to get a completely reliable 
system. 
Influence of the incident energy 
Using some precautions, we succeeded to 
test the cross-section expressio ns as a function 
of the scattering angle and the energy of the 
in cide nt electrons (Perez et al., 1974; Kihn 
et al., 1976; Jouffrey, 1978; Seve l y et al . , 
1981). 
For quantitative analysis once the exper i men-
ta l precautions have been solved, the way to 
work i s rather simil ar to the one used at lower 
voltages. One question is to know if i t i s pos -
s ible to unde rstand the detai l of a spectrum 
which is observed and what is the precision 
of the results. 
Simulation of energy spectra visibility of 
edges 
A fundamental question concerns the capabi-
1 i ty of simulati ng an energy loss spectrum. 
The importance is clear since the major criticism 
against this method is the strong background 
which is observed on the spectra. The best way 
is to introduce in this simulation the excitations 
we know to partic i pate to the spectrum and to 
take into account the response of the apparatus 
obtained when removing the sample al so. We can 
remark here that the backgrou nd, before the 
edge, is due to multiple scattering principally 
(see for i nstance Burge and Misell, 1968; Colliex 
and Jouffrey, 1970; Wehenkel, 1975). The question 
is to determine which types of elementary exci-
tations originate th i s background. 
The expression which is computed has been 
described previously (Zanch i et al., 1981; Zanchi 
et al., 1983; Seve ly et al., 1984). This method 
is ana 1 ogous to the method given by Burge and 
Misell (1968). It is assumed that Poisson's 
statistics is applicable. The function which 
is interesting is the int ensity J(E, t/>-1, edl 
which is collected in an angle 0d against the 
energy loss E, the thickness t (referred to 
the major elementary process, here the plasmon 
mean free path Al is used, or more precisely 
t/,\1) and the collection ed. The Fourier transform 
of J (E, t/ Al, ed) is written: 
J( w) = Gs(w) { 1 +! F(ed) ~ §K(w)l 
A I AK 
{exp(! F( ed) {§1(w) + ~ §2(w)J)l (1) 
AJ A2 
where A2 and AK are the mean free path for a 
seco ndary col l ective excitat ion process and 
the K inn er shell ionization, respectively. 
We define §1( w), §2( w), §K(w) as the Fourier 
transforms of the energy loss functions g1(E), 
g2(E), gK(E) correspo nding to the events 1, 
2, K. These normalized functions give the proba -
bility for an electro n to undergo a given energ y 
loss E t hrou gh the correspond ing event. Gs(E) 
cont ai ns the effect of the energy fluctuations 
of the incident e lectrons and the selecting 
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slit limitations. The angular distribution which 
is taken for plasmons is normalized through 
the cut-off angle. 
As was described by Zanchi et al. (1983), 
we can write Jc ( E, t/ ;q, ed) for the background. 
The Fourier transform is 
and 
* being a convolution product. 
This expression was applied 
carbon spectra. In this case, >-2 
to the collective excitation of n 
It contributes to the background 






Fig. 3 shows the comparison, for two carbon 
samples of respective thicknesses, 24 nm and 
1 µm, of computed spectra and experimental re-
sults. We note that the agreement is rather 
good. Changing only the thickness in the simu-
lation gives a good agreement with experiments. 
So, we think the treatment gives a true represen-
tation of Ute phenomena involved in the spectra 
and we can say that quantitative information 
can be obtained from these simple spectra. 
The influence of the energy of incident 
electrons has been studied in detail in the 
case of carbon. The results show that the impor-
tant parameter, in this case, is the plasmon 
mean free path, or more precisely t/>-1- The 
experiments and calculations which have been 
done at several energies (fig. 4) have shown 
that the jump ratio of the K loss distribution 
C IM/ ls where IM represents the intensity 
at the maximum of the edge and Is the one of 
the bac kground just before the edge, is varying 
with t /A1. Since the mean free path of an ine-
lastic process increases when the accelerating 
voltage increases (Sevely et al., 1974); the 
jump ratio of the K edge will be improved at 
high voltage. 
Roughly speaking, the physical reason is 
related to the multiple scattering which origi-
nates the background compared to a single scatte-
ring which gives the characteristic distribution. 
Obviously, this jump ratio improvement 
is effective if the number of electrons partici-
pating to the spectrum is high enough. A variation 
of this number will modify the noise, it means 
the precision on the determination of the exact 
shape of the spectrum. Therefore for the same 
number of incident electrons we could think 
that the gain in jump ratio in HVEM could be 
diminished by the imprecision on the profile 
of the spectrum due to the increase of the mean 
free paths. This problem is not effective when 
it is possible to increase the acquisition time 
for samples which are not sensitive to radiation 
damage. The noise is equal to the inverse of 
the square root of the number N of electrons 
in each channel used for the recording. The 
precision will be proportional to 1//ff. So, 
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Comparison of experimental and calcula-
ted energy loss spectra at 1 MeV for 
different thicknesses of carbon 
a) 24 nm, dotted line is experimental 
b) 1 µm, dotted line is experimental. 
the prec1s1on will be better at the maximum 
of the edges. 
Some recent applications 
Related to the gain in K edge visibility, 
we have shown it is clear that, if the elements 
are in small concentration ('\,10-2 in the analysed 
volume), there will be an advantage to use high 
energy electrons. We have shown in several pro-
blems in biology and metallurgy, that this effect 
is real. For instance, fig. 5 shows gallium 
in a biological sample (Berry et al., 1984). 
At 100 keV, the detection of this element in 
this type of material was, up to now unsuccessful. 
In metallurgy, (Fourdeux et al., 1984) it was 
possible to detect Al and N in small precipitates 
which had grown in quite pure i ran and to deduce 
that the precipitates are aluminium nitride. 
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~ - Variation of the K-ionization edge 
jump ratio (C) as a function of t/ 1 
for carbon evaporated foils. Full curve 
represents the theoretical results 
and the points a re for the experi mental 
results obtained at different primary 
energies : 1000 keV ( • ) , 500 keV ( • ) , 
300 keV ( ■ ) • 
Recently, we developed studies on EXELFS 
(Leapman and Cosslett, 1976; Leapman et al., 
1981). It appears (Garg et al., 1984) that high 
voltage is a good way to observe the modu 1 at ion 
up to a few hundred eV far from the edge (fig. 
6) . It has been possible to observe in Cu and 
Cr a fine structure after the Lzl3 edges. It 
was observed that there is in both cases an 
optimal thickness. For small thicknesses the 
statistical fluctuations are too important to 
give a good signal over noise ratio . If the 
thickness is increased the plural scattering 
smooths the modulations. We found, at 0.5 or 
1 MeV, an optimal thickness of the order of 
a few hundred angstroms. In order to test the 
method, we have determined the average distance 
of Cu and Cr atoms in our samp6es (optimum thick-
ness"' 50 nm) to 2.57 and 2.53 A respectively . 
Some tests have been performed on Si and 
Al, K edges. 
The interest in this domain would be for 
HVEM to permit studies of elements in a large 
domain of Z even if the resolution in energy 
is limited to a few eV. Using an aperture to 
localize an area, limiting the volume to be 
analysed the localization of the analysis is 
about 100 nm. 
Quantitative Analysis 
During our work on the use, in many examples, 
of high energy electrons, it has become clear 
that the elementary formula which is well known 
to analyse a sample quantitatively is not very 
simple to justify when the thickness increases 
and multiple scattering intervenes. Calculations, 
using convolution programmes are, in fact, diffi-
1067 
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; ~: 
500 !00 noo \l.(l) TTOO 2(n) 2lll leVJ 
~ - a) Bright field (100 keV) of granulated 
clusters observed in the l ysosome of 
tubular kidney cells. G = 2.4 105. 
b) Energy loss spectrum related to 
the dark inclusion ("' 50 nm) - while 
the dashed line is related to matrix . 
cult to ad j ust. That essentially seems due to 
the difficulty to get an accurate extrapolation 
of the background. However the comparative studies 
of thick and thin samp 1 es can be a way to get 
the good answer in some difficult situations . 
In single interaction approximation, it 
is written: 
(4) 
where Ne is the number of characteristic electrons 
and Nat the number of atoms to be studied per 
unit area in the volume which is analysed. oc 
is the total characteristic cross section and 
n(ed) and n ( tiEw) are the collection efficiency 
coefficients (Egerton, 1978). I0 is the incident 
intensity. oc can be calculated from the Bethe 
model (Bethe, 1930; see also Kihn et al., 1976) 
or can be directly determined from reference 
samples (Trebbia, 1979). 
With high energy electrons we lose a factor 
of 3 about with oc- It means we need from this 
simple formula three times more electrons at 
high voltage. 
In fact, in the determination of relative 
concentrations, the situation is easier if the 
B. JOUFFREY, J. SEVELY, G. ZANCHI, Y. KIHN 
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SUM OF THREE SPECTRA 
CHANl'-EL WIDTH ::09BeV 
250 
nn.6 eY-
~ - Cu spectrum showing the L7L3 edges and the EXELFS modulation. The L1 edge 
slightly blurs it. The thickness t 
of the sample is 25 nm and the collection 
angle is 3 mrd. Incident energy is 1 MeV. 
signals are measured in the same conditions 
(it means the best is to work on the same spec-
trum). The parameter 10 disappears by doing 
the ratio between Nat,A and Nat,B in the same 
volume for two different kinds of atoms A and 
B. However the collection efficiency can be 
different for the characteristic electrons of 
the different elements if the energies correspon-
ding to their edges are quite different. However 
this effect is less important with high energy 
electrons because of the small scattering angles. 
It remains that the determination of the true 
characteristic signal obtained in subtracting 
the background is not free of difficulties. 
So the precision in semiquantitative experi-
ments we performed seems to be of the order 
of 20% (Sevely et al., 1981). Due to the impro-
vement in visibility the limit in detectability 
of elements would be, at high voltage, better 
with a f act or of the order of the gain reported 
above (fig. 4). It does not seem there is any 
advantage, until now, to use a too high incident 
energy. However there is an important interest 
to understand in detail, for very high energies, 
the behaviour of the background. 
We present here a result concerning a quanti-
tative round robin analysis done on a specimen 
of stainless steel and reported by Vitek at 
the 4th AEM workshop at Lehigh University, 
Bethlehe m, PA (July 1984). This study has been 
done,on our side, with 1 MeV electrons, on the 
same sample . 
Composition analysis results (in wt%) 
X-rays EELS 
Ni 10.5 ± 0.4 11. 4 
Cr 22 ± 0.6 23.5 
Fe 67.6 ± 0.6 65.1 
It appears that the results are not very 
far from those found by EDS methods. Nevertheless, 
the discrepancy between the two kinds of measure-
ments emphasizes the necessity to improve the 
precision of EELS quantitative analysis technique. 
Conclusion 
The purpose of this paper was to present 
some recent results related to electron energy 
loss spectroscopy, in a domain which is interes-
ting but experimentally delicate. We have shown 
that the use of HVEM gives a gain in the visibi-
lity of characteristic peaks. The physical meaning 
is clear. This gain is due to the comparison 
of a part of the spectrum which is originated 
essentially in multiple scattering (background) 
and of another part (edge) which is due to single 
scattering. The variation of the cross sections 
clearly shows the gain in HVEM. In fact, this 
gain is effective when increasing the voltage 
above 100 keV. The principal improvement is 
up to 500 keV. The simulations of simple spectra 
begin to be possible and therefore there is 
a hope to have a quantitative method to analyse 
elements in thin samples and specially for light 
materials . The routine thickness in HVEM for 
chemical analysis is a round 200-250 nm depending 
on the elements which have to be detected. 
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Discussion with Reviewers 
R.D. Leapman : To what extent can the simpli-
fication in spectral shape at higher beam energy 
be compensated at lower beam energy by the use 
of deconvolution algorithms to remove plural 
scattering effects? 
Authors : The spectral shape is not dependent 
on the beam energy only. It varies with the 
ratio t/>.1 and the same shape can be obtained 
at various energies by correctly choosing the 
thickness. Deconvolution algorithms in order 
to recover single scattering profile are va-
luable also at any beam energy. 
R.D. Leapman : What is the improvement in 
carbon K edge visibility at 700 keV (high voltage 
microscope) compared with that obtained at 300 
keV (conventional column intermediate voltage 
microscope) ? At what point does the mean free 
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path begin to saturate due to relativistic ef-
fects? 
Authors The values for Al can be deduced 
from Ashley JC and Ritchie RH (Phys. Stat. Sol. 
(1970) 38, 425 and 40, 623). In agreement with 
these values, our-experimental measurements 
(Sevely et al., 1974) show that the carbon plasmon 
mean free path is multiplied by a factor 1.34 
between 300 and 750 keV. Between 750 and 1200 
keV its variation is 1.05 only. 
R.D. Leapman : Could the authors describe in more 
detail how the EXELFS analysis of the Cr and Cu L 
edge spectra was performed? What phase shifts were 
used to obtain the nearest neighbor distances and 
how were the superposition of the 2P3/2• 2P1;2 
and 2s 112 excitations dealt with? 
Reviewer 2: Can the authors show the experimental 
spectra (Fourier transform of EELS spectra) from 
which they are able to distinguish the distances 
2.57 and 2.53 ~? 
Authors : EXELFS analysis of Cr and Cu Ledge was 
performed on the basis of the simple method des-
cribed in text reference Leapman and Cosslett, 
1976. In this case, information about phase shifts 
as well as deconvolution due to 2p3;2, 2P1;2 and 
2s1;2 excitations are not needed . We are develop-
ing deconvolution techniques to analyse EXELFS 
spectra on L edges in order to make the technique 
effective up to Z < 30. On the other hand, regar-
ding the Fourier transforms of EXELFS spectra, 
some examples got with the aluminium K edge are 
reported in the papers by Sevely et al. and Garg 
et al. 25th Annual Meeting of the French Electron 
Microscopy Society, J. Mi erase. Spectro sc . 
Electron. (1985) l.Q_, 32a and 33a. 
Reviewer 2 : Explain how your system is correc-
ted for dead times. What is the order of magnitude 
of these dead times. How have they been measured? 
Authors : One must understand that the counting 
rate can be corrected for dead times. The dead 
times are deduced from the width of the pulses 
associated with the electrons. The widest dead 
time is due to the discriminator-amplificator 
used in the pulse mode counting. Its large st 
value is 60 nsec. 
Reviewer 2 : It would be useful to have the 
fig. 4 valid for aluminium, in order to be able 
to compare the contrast ratio C 5.87 from 
fig. la) and the mean free po.n values for plasmon 
excitation reported for Al at 1 MeV 330 nm. 
In other words, the fig. 4 for Al is expected 
to show a curve going through the coordinates 
t /Al = 0.3, C = 5.87. 
Authors : A curve C = f(t/ A1) like the carbon 
one in fig. 4, can be deduced for aluminium 
also. The results, to be published, confirm 
that this curve is going through the coordinates 
t/Al = 0.3, C = 5.9, approximately. 
Reviewer 2 Concerning fig. 3, are the experi-
mental and simulated spectra normalized ? If so, 
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how is the normalization factor chosen? 
Authors : The vertical scales of experimental 
and simulated spectra are fitted on the maximum 
intensity in the first plasmon peak. 
R. F. Egerton : What is the nature of the new 
device which allows counting up to 108 electrons/ 
sec ? Have you verified that the DQE remains 
~ 1 up to these high rates? 
Authors: The device is, of course, the scintil-
lator P.M .. We have checked, it allows one coun-
ting rates up to 108 electrons/sec. At 1 MeV, 
1.8 108 electrons/sec corresponds to the satura-
tion of the photomultiplier anode current. Even 
for these high counting rates, the mean number 
n of photoelectrons produced by incident electrons 
is of the order of 140 ( 10 times the number 
which would be obtained at 100 keV). That means 
that the DQE = ii /( ii + 1) remains very near to 
1. 
R.F. Egerton : What is the value 
semi-angle for the data of fig. 
the effect of varying e d on the 
energy-loss spectrum? 
of collection 
3 ? What is 
form of the 
Authors The collection semi-angle value 
for the data of fig. 3 is 3 mrd (objective aper-
ture diameter 50 µm). Varying the collection 
semi-angle up to 12 mrd, the K loss signal over 
background ratio is not modified significantly. 
For much larger angles (without objective aper-
t ure) this ratio decreases. In that case, we 
think this effect is mainly due to aberration 
effects of the dispersive system. 
O.L. Krivanek : Discriminating out the weaker 
pulses due to stray X-rays should be possible 
j ust as easily with the scintillator-photomulti-
plier detection system as it i s with the Si 
diode one. Since , as the aut hor s point out, 
the scintillator-photomultiplier system has 
a much high maximum count rate, and i s also 
much simpler, i s there any reason at all for 
considering the Si diode detector for the present 
application ? 
Authors It is true that discriminating out 
the weaker pulses due to stray X-rays, is also 
possible with the scintillator-photomultiplier 
detection system. We are not sure it is so easy 
as with the Si (Li) diode. From our experiments, 
this last method is technically quite simple 
for counting electrons and it gives good results 
for recording the high energy loss part of the 
spectra. We think it may be of interest for 
low counting rates. 
